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Phytochemical variation within a single plant species influences 
foraging behavior of deer
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To determine how black-tailed deer Odocoileus hemionus columbianus respond to phytochemical cues while browsing in 
heterogeneous phytochemical environments, we offered captive and free-range deer cloned rooted cuttings and seedlings 
of western redcedar Thuja plicata selected for varying monoterpene content. Black-tailed deer were thus allowed to browse 
among a controlled array of phytochemical cues in a series of experiments designed to evaluate foraging behavior at fine 
(within plot) and coarse (plot selection) scales. Within-plot diet selection experiments demonstrated that browse preference 
for individual western redcedar plants was a function of foliar monoterpene concentration. Individual plant palatability 
combined with momentary maximization foraging strategy promoted survival of heavily defended plants. Among-plot 
foraging experiments demonstrated that coarse-scale foraging preferences were strongly influenced by distributions of high 
monoterpene-containing western redcedar in available plots. Olfaction may play a significant role in both fine and coarse-
scale browse behaviors of deer as they employ a risk-averse foraging strategy.

Phytochemical and plant heterogeneity can influence forag-
ing behavior at both fine (within-plot) and coarse (between-
plot) scales (Bee et al. 2009). Fine-scale preferences for specific 
plants (or specific plant parts) are constrained by herbivore 
anatomy and physiology and influenced by phytochemistry. 
On these bases, diet selection can manifest itself at greater 
scales as partial loss of plant genetic diversity or even entire 
plant species. Selective herbivory may also result in reduced 
plant population fitness when specific plant phenotypes are 
targeted by herbivores. It is well established that foraging 
decisions by vertebrate herbivores have the potential to sig-
nificantly impact landscape-scale heterogeneity (Hobbs et al. 
2003). In particular, ungulates have tremendous potential 
to alter ecosystem function via modulation of successional 
processes (Hobbs 1996). For example, relative cover and spe-
cies richness between herbaceous and shrub species are dras-
tically altered by large herbivores (Manier and Hobbs 2006). 
Likewise, plant heterogeneity exerts pressures back onto the 
herbivore. Spatial heterogeneity weakens density-dependent 
feedbacks to population growth, thereby enhancing growth 
rates (Wang et al. 2006). Thus, information regarding her-
bivore responses to variation in their foraging environments 
can be critical to understanding landscape dynamics.

Phytochemistry plays a significant role in herbivore diet 
selection as predicted by plant defense theory (Rhoades 
1979). Mammalian forage preference for a variety of conifers 
has been linked to the repellent qualities of monoterpenes 
(Dimock et al. 1976, Farentinos et al. 1981, Bell and Harestad 

1987, Reichardt et al. 1990, Bryant et al. 1991, 1992,  
Snyder 1992, Duncan et al. 1994, Estell et al. 1998, Kimball 
et al. 1998). The antifeedant properties of monoterpenes are  
thought to be mediated by their toxic properties (Bryant  
et al. 1991). Among other effects, monoterpenes inhibit ace-
tylcholinesterase activity in mammals (Miyazawa et al. 1997) 
and may cause diuresis (Dearing et al. 2002). Herbivores 
limit intake of monoterpene-containing diets by reducing 
time spent feeding and/or by spreading feeding activity over 
extended periods to ensure that monoterpene intake does 
not reach a threshold dose (Dziba and Provenza 2008).

Plants are also comprised of primary metabolites (i.e. free 
and structural carbohydrates, proteins) as well as varying 
morphological characteristics that influence herbivore forag-
ing. Herbivore diet selection is clearly influenced by nutrient 
content (Goralka et al. 1996, O’Reilly-Wapstra et al. 2005, 
Carmona et al. 2011). In fact, a recent analysis suggests that 
information regarding plant secondary metabolites (PSMs) 
does not reliably predict herbivore interactions with plants 
(Carmona et al. 2011). Notwithstanding these reports, a 
strong correlation between browse intensity and monoter-
pene concentration was recently observed from a genetic 
trial on southern Vancouver Island. In 1996, the British 
Columbia Ministry of Forests and Range, Research Branch 
established a western redcedar genetic trial to study range-
wide adaptive patterns in fitness traits. In 2003, all trees were 
assessed for deer browse and foliar monoterpene content.  
It was possible to categorize the browse potential of many 
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individual trees: non-preferred (no browse and high monot-
erpene content), preferred (high browse and low monot-
erpene content), or intermediate (low browse and average 
monoterpene content). These observations were consistent 
with other studies suggesting that monoterpenes influence 
diet selection in deer (Vourc’h et al. 2002a).

It was recently recognized that further work was needed 
to evaluate regulation of PSM consumption at various spa-
tial and temporal scales (Iason and Villalba 2006). Toward 
this goal, we employed selective tree breeding and vegeta-
tive propagation techniques to produce western redcedar 
seedlings and cloned rooted cuttings with varying monot-
erpene concentrations. Cuttings and seedlings were main-
tained under identical conditions to reduce variation among 
primary metabolites. Tradeoffs between defense and pri-
mary metabolism are rarely detected for woody plants at 
the individual level (Koricheva et al. 1998). Carbohydrates 
respond predictably to environmental parameters such as 
light and nutrients, while terpenoid concentrations are not 
generally impacted by environmental promoters of primary 
metabolism and growth. Thus, breeding and propagation 
were employed to maximize monoterpene variation while 
resources were controlled to minimize nutritional variability 
among the test plants.

Here, we describe a series of experiments to monitor deer 
responses to experimental manipulations of western redcedar 
phytochemical foraging environments. We examined deer 
preferences of individual plants varying in monoterpene con-
tent within plots as well as among plots varying in distribu-
tion of high monoterpene-containing plants. Our objective 
was to determine how foraging decisions were influenced by 
phytochemical variation at fine and coarse scales. 

Material and methods

Plant experimental material

Individual trees were selected from a 7-year-old western red-
cedar genecology trial with open-pollinated family structure 
established at Holt Cr., southern Vancouver Island, Brit-
ish Columbia (48°45’N, 123°53’W, elev. 212 m). The trial 
was originally planted with 1-year-old container seedlings 
grown from seed collected from individual trees (open- 
pollinated families) representing each of 14 populations 
located throughout the natural range of western redcedar 
in British Columbia (BC). The design was a randomized 
complete block with 48 blocks (one seedling per family per 
block).

All trees in the genecology trial were assessed for total 
foliar needle monoterpenes and browse intensity. Selections 
were included from three putative browse categories based 
on these traits: non-preferred (no browse and high monot-
erpene content), preferred (high browse and low monoter-
pene content), and intermediate (low browse and average 
monoterpene content). Selected trees were then cloned 
through propagation by rooted cuttings and seed produced 
using controlled crossing techniques. Cloned rooted cuttings 
were taken from serial propagated clonal donors established 
from the original cuttings to minimize ontogenetical effects 
within and between clones on plant quality (Krakowski et al. 

2005). For seedlings, seed was sown from pedigreed families. 
Both rooted cuttings and seedlings were grown in green-
houses according to standard nursery protocol. The resultant 
one-year-old rooted cuttings and seedlings were used for all 
subsequent experiments.

Foliar monoterpene analyses

All plant tissue collected was stored on ice while being trans-
ported to the lab for extraction and analysis. Samples were 
roughly chopped with scissors, placed in a liquid nitrogen-
cooled mortar and pestle, and finely ground under liquid 
nitrogen. Approximately 0.400 g of ground sample was added 
to a vial and 4.00 ml of methanol was added. The sample was 
extracted at room temperature for 48 h then transferred to 
a 2-ml autosampler vial. The samples were analyzed by gas 
chromatography with a flame ionization detector equipped 
with an Agilent Ultra 2 (5%-Phenyl-methylpolysiloxane) 25 
m  0.2 mm (0.33 um thickness) column. Instrument con-
ditions as follows: Injector and detector temperatures: 200°C 
and 300°C; helium linear velocity: 32 cm s1; split ratio of 
35:1. Oven at: 60°C for 7 min followed by a ramp of 7°C 
min1 to 90°C; then 15°C min1 to 275°C (hold 15 min). 
Pure analytical standards were used to identify and quantify 
each compound. Total monoterpene content was calculated 
by summation.

Clonal pen trial

To examine fine-scale deer foraging behavior within single 
plots, this experiment (and the following field trial) was 
designed to determine if browse preferences differed among 
western redcedar in a predictable fashion according to 
monoterpene content. Dormant 1-year old cloned rooted 
cuttings from 42 clones selected from among the three previ-
ously described preference categories were established in five 
pens (2.0 ha) at the USDA Olympia Field Station (46°57’N, 
122°58’W, elev. 57m). Foliar total monoterpene concentra-
tions (parts-per-million, ppm, or mg g1) of the individual 
plants in the three browse preference categories were as fol-
lows: preferred (0 – 15 300 ppm), intermediate (16 200 – 19 
200 ppm) and non-preferred (20 900 – 51 300 ppm). Each 
category was represented by 14 clones. Individual rooted 
cuttings were randomly planted, one copy per clone, in 
each of seven contiguous replications in 7  6 arrangements 
with 1  1 m spacing. Plant locations within the single plot 
formed by the contiguous replicates were classified as either 
‘interior’ or ‘border’. Any location in the outer two rows of 
the plot was considered to be in the plot border. All other 
locations were considered to be interior. In total, there were 
150 interior locations and 144 border locations per pen.

Three captive black-tailed deer (maternal-raised) were 
randomly assigned to each pen immediately after planting 
and remained in the assigned pen for the duration of the 
15-day study. Naturally occurring forbs and shrubs were 
well-browsed in advance of the experiments, leaving only 
a limited assortment of cool season grasses. Deer were pro-
vided ad libitum access to pelleted basal diet throughout 
the experiment. All plants were assessed for deer browse on 
days 1 to 7, 11 and 15. The first day that all lateral branches 
were visibly browsed was recorded as the failure day for that 
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experimental unit. The experiment was conducted dur-
ing the period of 2 to 18 February 2006 and approved by 
the Institutional Animal Care and Use Committee of the 
USDA-APHIS-WS-NWRC.

In addition to location (interior or border), spatial patterns 
of activity were evaluated by mapping failure day responses 
and phytochemical data for all individual western redcedar 
in each pen. Two variables were defined to describe spatial 
relationships among individual plants. For each plant in the 
single plot, ‘browsecount’ was the number of rooted cuttings 
in the second-order neighborhood (horizontally, vertically, 
or diagonally adjacent) with a lower failure day (i.e. previ-
ously browsed). A spatial measure of defense guilds, termed 
‘terpcount’, was also determined for each rooted cutting. 
Terpcount was the number of plants in the second-order 
neighborhood of each plant classified in the non-preferred 
category (i.e. having total monoterpene content greater than 
20 900 ppm).

Because plants were not assessed continuously, failure 
response data were considered interval censored and plants 
that survived to the end of the experiment (did not meet 
definition of failure) were handled as right censored. Data 
were analyzed using an accelerated failure time (AFT) model 
using PROC LIFEREG in SAS (SAS 2004). AFT models are 
parametric, and each covariate impacts survival time as a con-
stant multiplier (Hosmer et al. 2008). A graphical evaluation 
of cumulative hazard of the Cox-Snell residuals determined 
the log normal distribution to be the best fit. The model 
included pen, replicate (nested in pen), location, and pref-
erence category (preferred, intermediate, non-preferred) as 
class (categorical) effects. Continuous covariates browsecount 
and terpcount were inputted singly into the model and only 
significant covariates were retained. In addition to regression 
coefficients for preference categories and covariates, survi-
vorship curves were also estimated. Pair-wise comparisons of 
preference category estimates were made using unadjusted 
Wald tests which sometimes involved manual manipulation 
of the estimated parameters, their variances, and their covari-
ances (Allison 1995). Multiple comparisons were made using 
the false discovery rate controlling procedure (Benjamini and 
Hochberg 1995).

Clonal field trial

The field study was established near Cowichan Lake 
(48°48’N, 124°39’W, elev. 216 m) on south Vancouver 
Island, British Columbia in early February 2006. One-year 
old rooted cuttings from the three preference categories 
were established in 15 replications of 40 clones (one per 
replicate) at 2  2 m spacing. All plants were assessed for 
deer browse on days 7, 21, 26, 34, 41, 46, 53, 67 and 81. 
The first day that all lateral branches were visibly browsed 
was recorded as the failure day for that experimental unit. 
The experiment was conducted during the period of 9 Feb-
ruary 2006 to 1 May 2006.

Because plants were not assessed continuously, failure data 
were considered interval censored and plants that survived to 
the end of the experiment (did not meet definition of failure) 
were handled as right censored. Data were analyzed using 
an AFT model (PROC LIFEREG; SAS 2004). A graphical 
evaluation of cumulative hazard of the Cox-Snell residuals 

determined the log normal distribution to be the best fit. The 
model included replicate and preference category (preferred, 
intermediate, non-preferred) as class (categorical) effects. 
Regression coefficients for the class effects and survivorship 
curves were estimated and unadjusted post-hoc comparisons 
(i.e. Wald tests) were made of preference category estimates.

Plot selection trial

A third experiment was designed to examine coarse-scale 
foraging behavior. Plot selection was evaluated among three 
plots varying in the distribution of non-preferred plants. Fif-
teen black-tailed deer obtained from the captive herd (mater-
nal-raised) at the USDA Olympia Field Station (46°57’N, 
122°58’W, elev 57 m) were assigned to one of three test 
herds. Herds (identified by pen number) were maintained 
in separate home pens (1, 2 or 10) where they were provided 
pelleted food, water, mineral block, and shelter ad libitum. 
Herds were rotated into the 2.0 hectare test pen for over-
night access to the test plots. The experiment was conducted 
during the period of 12 May 2008 to 24 May 2008 and 
approved by the Institutional Animal Care and Use Com-
mittee of the USDA-APHIS-WS-NWRC.

Three plots were created in the test pen such that the 
distance between them was maximized (50 m). Each 
plot consisted of 90 seedlings planted in a 9  10 arrange-
ment with 2.5  2.5 m spacing. Plots consisted of 33, 66 
or 100% non-preferred plants (35 000 ppm total monot-
erpenes). Preferred western redcedar (20 000 ppm) made 
up the remainder of the 33% and 66% plots. Seedlings for 
monoterpene groups were chosen from a base population of 
pedigreed families such that a majority of the parents were 
represented across the groups while maintaining the monot-
erpene range established for each group.

A single herd was moved into the test pen at 16:00 hours 
and remained there until 08:00 the next morning; at which 
time the herd was moved back to the appropriate home pen. 
All trees in the plot were assessed for evidence of browse and 
a browse score was assigned (0  no evidence of browse; 
1  single bite evident; 2  multiple bites; 3  completely 
consumed). Plants with a browse rating of 2 and 3 were 
replaced with the appropriate preference category (preferred 
or non-preferred) and the bioassay was repeated with a second 
herd. A lack of seedlings precluded testing with three herds 
as originally designed. After both herds were exposed to the 
first configuration, the treatments (33, 66 and 100%) were 
re-assigned to new plot locations and the procedures repeated 
with both herds using the second configuration. The experi-
ment was then repeated using cloned rooted cuttings and all 
three herds with two plot configurations (Table 1).

Seedling and rooted cutting bioassays were analyzed sepa-
rately. Categorical browse response data were subjected to 
analysis of variance using PROC MIXED in SAS (2004). 
Fixed effects were: treatment (33, 66, 100%), configuration 
(1, 2), and treatment  configuration. Herd and interactions 
with herd were modeled as random effects. Multiple com-
parisons were made using the false discovery rate procedure 
(Benjamini and Hochberg 1995).

To determine if treatment effects were purely a function 
of the number of low monoterpene plants in each treat-
ment (i.e. deer simply ate the preferred, low monoterpene 
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rate 9.8% greater than intermediate and 13.9% faster than 
non-preferred. The failure rate of interior plants was 14.9% 
greater than those on the border. For every previously failed 
rooted cutting in the second-order neighborhood of a sur-
viving plant (browsecount), there was a 24.3% reduction in 
failure rate.

Clonal field trial

A lower percentage of cloned rooted cuttings were browsed 
during the 15-week field study (13.8%) as compared to the 
pen trial. Similar to the pen trial, survivability distributions 
varied significantly among the three western redcedar prefer-
ence categories (p  0.0001, Fig. 2). Preferred rooted cut-
tings failed at faster rate than intermediate (p  0.0001) and 
non-preferred plants (p  0.0003). There was no significant 
difference in failure rates between intermediate and non-
preferred rooted cuttings (p  0.31). Preferred plants failed 
2.7 times faster than intermediate plants and 4.0 times faster 
than non-preferred. 

Plot selection trial

For seedlings, all fixed effects were significant – including 
treatment (p  0.0001, Fig. 3). Browse responses decreased 
with increasing percentage of non-preferred seedlings: 
33%  66%  100% (mean browse scores were 1.90, 1.36 
and 1.00 respectively). The significant treatment  con-
figuration effect indicated a plot preference. However, this 
is confounded by the incomplete design (e.g. plot C never 
received the 100% treatment which likely would have  
significantly lowered browse mean in this plot). Within 
treatments, browsing was independent of preference cat-
egory indicating that deer did not browse lower proportions 
of non-preferred seedlings than expected by chance encounter 
(Fig. 4, p  0.964).

There was substantially less browsing activity when cloned 
rooted cuttings were offered to the deer (overall mean browse 
score for rooted cuttings was 0.49 vs 1.27 for seedlings). As 
with seedlings, all fixed effects were significant for rooted cut-
tings (p  0.0001). Both 33% and 66% treatments were more 

plants in each plot and moved to the next) frequency tables 
were generated for each treatment using browse response 
and monoterpene classification (low, high). A Cochran- 
Mantel-Haenszel (CHM) test was performed (PROC 
FREQ; SAS 2004) to test the null hypothesis that browse 
response was independent of preference category within 
each treatment level.

Results

Clonal pen trial

A high percentage of cloned rooted cuttings were browsed 
during the 15-day study (82.2%). However, survivability 
distributions varied significantly among the three preference 
categories (p  0.0003, Fig. 1). The failure response was 
significantly impacted by the class effects pen and replicate 
(p  0.0001) as well as the spatial effects browsecount and 
location (p  0.0001). The measure of defense guild, terp-
count, was not significant (a  0.05). Preferred plants were 
browsed (i.e. failed) faster than intermediate (p  0.005) or 
non-preferred ones (p  0.0001). There was no significant 
difference between non-preferred and intermediate western 
redcedar (p  0.28). Preferred rooted cuttings failed at a 
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Figure 1. Survivability curves of rooted cuttings categorized as preferred, intermediate, or non-preferred in the western redcedar clonal pen 
trial. Jagged lines are the cumulative proportion of browsed plants and smooth curves are model-estimated survival. Legend:  preferred 
preference category;     intermediate preference category; …… non-preferred preference category.

Table 1. Treatment assignments (distribution of non-preferred trees) 
for experimental configurations of the western redcedar plot selec-
tion bioassay.

Day Trees Herd Configuration Plot A Plot B Plot C

1 seedlings 1 1 100% 33% 66%
2 seedlings 2 1 100% 33% 66%
3 seedlings 2 2 66% 100% 33%
4 seedlings 1 2 66% 100% 33%
5 rooted cuttings 10 3 33% 66% 100%
6 rooted cuttings 1 3 33% 66% 100%
7 rooted cuttings 2 3 33% 66% 100%
8 rooted cuttings 10 1 100% 33% 66%
9 rooted cuttings 1 1 100% 33% 66%
10 rooted cuttings 2 1 100% 33% 66%
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Figure 3. Frequency of seedlings browsed in plots of 33%, 66% or 100% non-preferred western redcedar and resultant mean browse 
response. Mean browse response is an overall treatment least-square mean with error bars representing one standard error. Legend:  no 
browse (0);  minor browse (1);  moderate browse (2);  severe browsing (3);  mean browse response.

heavily browsed than the 100% treatment, though browsing 
did not differ between them (p  0.16). A significant treat-
ment  configuration effect indicated a plot effect with rooted 
cuttings, as browse scores were greater in both plots A and B 
versus plot C. As with seedlings, this was confounded by the 
incomplete design. Unlike the seedlings, within-treatment 
discrimination was observed (p  0.0001) indicating that 
deer browsing of non-preferred rooted cuttings was signifi-
cantly less than would be expected by chance.

Discussion

Herbivory has the potential to alter plant diversity at mul-
tiple scales (Provenza et al. 2003). The present experiments 

were designed to provide deer a suite of ecologically-relevant 
phytochemical cues in controlled environments. Not only 
did this allow monitoring of deer preference for specific phy-
tochemical cues, but also examination of spatial aspects of 
deer browse behavior. Three factors were presumed to influ-
ence deer browsing at multiple scales in these experiments: 
1) palatability of the targeted browse item; 2) availability of 
the targeted browse item; and 3) neighbor effects. Because 
these experiments employed plants of the same age and spe-
cies grown under identical environmental conditions, dif-
ferences in palatability among individuals were likely driven 
exclusively by PSM content. Total monoterpene concentra-
tion was used to define PSM content because of the strong 
correlations among individual monoterpenes identified in 
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Availability

Plant height and species abundance contribute to the avail-
ability of focal plants (Miller et al. 2007). In this single spe-
cies study with homogeneous age structure, we used the 
spatial parameter browsecount as a measure of availability. 
Within a plot, the probability of a particular plant being 
browsed decreased significantly when it was in close proxim-
ity to other plants that had been previously browsed. Thus, 
selection of individual plants was influenced by presence or 
absence of its neighbors. In this manner, fine-scale forag-
ing decisions yield heterogeneity observable at greater scale. 
Access to individual plants has similar impact. For example, 
our results also indicated that rooted cuttings located in plot 
interiors were more likely to be browsed than those planted 
in the border, likely owing to increased number of accessible 
plants in the finite foraging area. At greater scales, deer have 
also been shown to forage in forest interiors (Cadenasso and 
Pickett 2000). However, these edge effects incorporate spe-
cies interactions, edge depths, and resource distributions not 
assessed in the present study (Ries et al. 2004).

Neighboring plants

In heterogeneous patches, the palatability and availability 
of neighboring plants significantly impacts vulnerability 
of individual plants to herbivory (Miller et al. 2007). The 
variable terpcount was used to assess the effect of neighbor-
ing phytochemistry on diet selection. The theory of defense 
guilds predicts that the presence of highly defended indi-
viduals will render that specific location unfit for foraging 
and confer a measure of defense to all plants in the localized 
area (Atsatt and Odowd 1976). In a forage manipulation 
study, presence of unpalatable plants was shown to reduce 
browsing of spruce by cows and horses (Smit et al. 2006). 
However, associational protection from neighboring plants 
is more likely to be expressed when herbivores are selective at 
coarse scales (Tuomi and Augner 1993). Other studies have 
demonstrated that plot selection is strongly influenced by 
quality factors such as species variability and the proportion 
of unpalatable plants. In one such study, mammalian her-
bivory of Norway spruce Picea abies was much higher in plots 
without unpalatable plants (Smit et al. 2006). The authors 
suggest planting unpalatable plants as a strategy for protect-
ing desirable plant species. Evaluation of the failure response 
in the clonal pen trial suggests that having highly defended 
plants in close proximity to individual clones did not impact 
browse preference – indicating that highly defended conspe-
cifics did not constitute a defense guild. 

Within plot diet selection behavior

Diet selection by deer among several plant species can be 
influenced by both fine and coarse scale foraging decisions 
(Bergman et al. 2005). Within-plots, captive deer selected 
manipulated diets in a manner that limited tannin intake 
within-plots, whereas between-plot behavior was not 
affected (Bergvall and Leimar 2005, Bergvall et al. 2006). In 
these experiments, deer were assumed to employ a ‘momen-
tary maximization’ strategy while selecting plants for browse 
(Senft et al. 1987). Momentary maximization predicts that 

western redcedar foliage (Kimball et al. 2011). Use of total 
monoterpenes (or artificial mixtures of several monoterpenes) 
has also been employed in many previous studies of foraging 
behavior (Duncan et al. 1994, Villalba et al. 2002, Villalba 
and Provenza 2005, Dziba and Provenza 2008).

Palatability

From an herbivore’s perspective, individual plants contain 
both beneficial and deleterious phytochemicals that define 
plant palatability and impact diet selection. By integrating 
the flavor of foods with the postingestive consequences of 
consuming them, herbivores learn to limit intake of PSMs 
(Villalba and Provenza 2005). Furthermore, experience 
with one class of PSMs impacts herbivore intake of other 
classes of plant defenses (Villalba et al. 2004, Kimball and 
Nolte 2005). Affective learning processes yield preferences 
and aversions for particular diets that are further subject to 
cognitive associations with other sensory or contextual attri-
butes of the food (Provenza et al. 1992). Learned preferences 
and aversions to food odors are thought to progress through 
elementary taste aversions.

Olfaction is likely to represent a reliable tool for herbi-
vores to assess the monoterpene content of conifers owing 
to relatively high vapor pressures. Deer responses to indi-
vidual monoterpenes were previously shown to be correlated 
to the vapor pressure of individual monoterpenes (Elliott 
and Loudon 1987). Although release of plant volatiles is 
under physiochemical control, particularly stomatal conduc-
tance (Niinemets et al. 2002), vapor phase measurements of 
monoterpenes are highly correlated with tissue monoterpene 
concentrations (Schafer et al. 1995). Thus, increased quanti-
ties of monoterpenes in plant foliage are reflected in the vapor 
emanating from the plant. Furthermore, monoterpene emis-
sions from conifers with indeterminate needle growth, such 
as western redcedar, are relatively stable with relatively little 
diurnal variation and only moderate seasonal variation (Yata-
gai et al. 1995). Thus, phytochemical assessment of individual 
plants may be achieved by olfaction permitting herbivores to 
assess monoterpene content of conifers and make assessments 
of forage quality without having to consume the plant. 
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It has been demonstrated that variability of resource dis-
tributions can have profound effects on learning and forag-
ing behavior (van der Post and Hogeweg 2006). While many 
studies have shown that herbivores remain in a specific patch 
until the instantaneous intake rate diminishes with respect to 
the attainable rate among all patches according to the mar-
ginal value theorem (Charnov 1976), others have found that 
residence time in a plot is greater than predicted by theory 
(Searle et al. 2005). Although residence time was not mea-
sured in the current study, foraging investment as determined 
by extent of browse activity was significantly influenced by 
distributions of PSMs in the available plots. These results 
suggest that deer qualitatively employ a risk-averse foraging 
strategy (Kacelnik and Bateson 1996). Risk-reward foraging 
has not been extensively studied with large herbivores. How-
ever, avoidance of novel and/or strong flavors by lambs has 
been attributed to a risk-aversive foraging strategy (Augner 
et al. 1998). Studies with rodents have been more prevalent. 
Among them, lemmings were shown to prefer patches with 
predictable resources (Searle et al. 2006). In this study, deer 
similarly used learned information regarding food quality 
to forage preferentially in plots that minimized exposure to 
monoterpenes. 

Multi-scale observations

Because foraging responses from both within- and among-
plot experiments were determined by measuring browse 
activity on individual plants (a fine-scale measurement), it is 
possible that observed plot preferences were merely an artifact 
of fine-scale foraging strategies. In other words, plot prefer-
ences could merely result from deer preferentially browsing 
poorly defended plants in each plot. However, evaluation of 
the data from the plot selection trial conducted with seed-
lings indicated that plot preferences resulted from coarse-
scale foraging decisions. Within available plots, browsing 
of low monoterpene-content seedlings was not greater than 
expected by chance. While this within-plot behavior was in 
contrast to clonal pen and field trials where discrimination 
was observed among individual plants, it does not neces-
sarily follow that plot characteristics are more predictive of 
browse activity than individual plant phytochemistry. Fine-
scale browse behavior may have differed among these studies 
because of experimental differences such as plant availability 
(294 rooted cuttings in the contiguous blocks for the clonal 
pen trial, 600 in the field trial, and 90 per plot in the plot 
selection experiment), plant spacing (1 m, 2 m and 2.5 m, 
respectively), plant type (cloned rooted cuttings and seed-
lings), or any combination of these factors. In fact, there 
was evidence of within-plot plant discrimination in the plot 
selection trial when rooted cuttings were deployed such that 
browsing of high monoterpene-content rooted cuttings was 
significantly lower than would be expected by chance.

The relative aspect of phytochemical influence on diet 
selection is also evident from these experiments. Deer 
demonstrated preferences for individual plants with lower 
concentrations of foliar monoterpene as compared to those 
available in the same plot or in adjacent plots. In the clonal 
pen and feed trials, deer preferred individual cuttings with 
monoterpene concentrations less than 15 300 ppm (pre-
ferred category), while no differences were observed among 

individuals will forage in finite areas with limited locomo-
tion as they assess forage quality. Large herbivores select the 
most palatable plants or plant parts that are within reach 
until the quality of remaining forage within the finite area 
decreases to a threshold value – at which point the herbivore 
moves to a new foraging location (Bailey et al. 1996). Thus, 
diet selection (which individual plants are browsed) can be 
explained by constraints in energy intake rate enforced by 
the spatial arrangement of neighboring plants (Courant and 
Fortin 2010).

Phytochemical content of individual rooted cuttings 
influenced deer browse preference. In particular, those clones 
with highest concentrations of the monoterpenes (non- 
preferred) were less likely to be browsed. This is consistent 
with previous studies conducted with deer (Elliott and  
Loudon 1987, Vourc’h et al. 2002a, b). Monoterpenes are 
considered antifeedants, or quantitative defenses, that are 
present in large quantities in plants and reduce the palatabil-
ity of foods. The impact of individual monoterpene content  
was much more evident in the field trial. While non- 
preferred, high-monoterpene clones disappeared fairly rap-
idly in the pen trial; they were far less likely to be browsed 
in the field trial. These differences probably reflect a sig-
nificantly greater likelihood of encounter and browsing by 
captive deer during the15-day pen trial as compared to the 
encounter rate of free-ranging deer during the 81-day field 
trial. In addition, free-ranging deer were able to locate addi-
tional foraging areas as more preferred plant species became 
available in the early summer. Overall, browse damage was 
much greater in the pen trial (82.2%) versus the field trial 
(13.8%). Importantly, the similar results of the two experi-
ments demonstrate that deer selection of individual cloned 
rooted cuttings was significantly influenced by monoterpene 
content. 

Plot selection behavior

Although no protective effects of highly defended neighbors 
were observed in fine-scale foraging (selection of individ-
ual plants), a protective effect was observed at the coarser 
scale. For both seedlings and cloned rooted cuttings in the 
plot selection trial, deer made plot selections based on the 
distribution of monoterpenes. Higher proportions of non-
preferred plants reduced browsing in the plot as a whole. 
Although olfactory information regarding PSM content of 
the plants may have been acquired during fine-scale diet 
selection, it remains possible olfactory information allowed 
deer to assess distributions of high monoterpene-content 
plants without need for foraging in the plots. Duncan et al. 
(1994) concluded that red deer Cervus elaphus did not rely 
on olfaction to identify palatable Sitka spruce Picea sitchensis 
trees in an experiment similar to our clonal pen trial. This is 
likely a product of the study design and frequency of mea-
suring browse responses. Consequently, it is not possible to 
consider the role of olfaction in diet selection of individual 
redcedar plants in the clonal pen trial. However, a plausible 
explanation for observed responses in the plot selection trial 
is that forage quality differences among the three plots were 
assessed by olfaction. Certainly, further research is needed 
to determine the importance of olfaction in large-scale (e.g. 
plot selection) foraging behavior.
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so-called intermediate (16 200 – 19 200 ppm) and non-
preferred (20 900 – 51 300 ppm) cuttings. These obser-
vations were likely driven by contrasting monoterpene 
concentrations, not an absolute threshold value. In fact, the 
concentration ranges of plants in the preferred ( 20 000 
ppm) and non-preferred ( 35 000 ppm) plants employed 
in the plot selection trial need not match the concentrations 
used to define categories in the clonal pen and field trials. 
Rather, relative preferences result among all contrasting 
monoterpene concentrations up to an undetermined thresh-
old at which detoxification costs exceed the benefits of con-
sumption (Iason and Villalba 2006).

The inability to detect within-plot selection of seedlings 
may be a product of increased preference for seedlings versus 
rooted cuttings. Disappearance of preferred seedlings may 
have proceeded at a rate imperceptible to the frequency of 
measurement in the plot selection trial. Although not tested 
explicitly, a considerable difference in browse preference was 
observed between seedlings and rooted cuttings. Declin-
ing photosynthetic rates and nutritional quality associated 
with maturation and senescence has been studied in coni-
fers (Hempfling et al. 1991, Warren 2006). Although nitro-
gen can be variable (studies have shown both increased and 
decreased foliar nitrogen with maturation), decreased car-
bohydrate and increased lignin content accompanies tissue 
maturation in conifers. These physiological changes are likely 
to affect tactile and nutritional qualities as well as water con-
tent. Specifically in deer, reduced browse quality associated 
with plant tissue maturation has been attributed to lignifica-
tion (Stewart et al. 2000). Like monoterpenes (Huber et al. 
2004), lignin production in vascular plants is under genetic 
control (Moore and Jung 2001). Further study of ontogenetic 
factors related to deer browse behavior may yield significant 
information regarding diet selection by large herbivores.
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